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Abstract 
Ballistic impact test of different-scale casings is an efficient way to demonstrate the casing containment capability at the pre-
liminary design stage of the engine. For the sake of studying the titanium alloy TC4 casing performance, the ballistic tests of flat 
and curved simulation casing are implemented by using two flat blades of different sizes as the projectile. The impact mechanism 
and failure of the target are discussed. Impact of the projectile is a highly nonlinear transient process with the large deformation 
of the target. On the impact, failures of the flat casing and the subscale casing are similar, concluding two parts, the global dish-
ing and localized ductile tearing. The main localized failure mode combines plugging (shear) and petaling (shear) if the projectile 
perforates or penetrates, while crater (shear) if the projectile rebounds. The ballistic limit equation is verified by the test data and 
the results show that this empirical equation could be a practical way to estimate the critical velocity. 
Keywords: containment; casing; ballistic penetration; damage mechanism; failure mode 
1. Introduction1
With high strength, light weight and excellent corro-
sion resistance, titanium alloy TC4 (Ti-6Al-4V) is used 
in manufacturing turbine engine containment casing. 
To prevent fan blade fragments or other engine debris 
out of the engine from damaging the airplane, the de-
signed casing must contain failure engine debris. This 
requires enough casing thickness, while excessive cas-
ing thickness goes against improving engine thrust 
weight ratio. Therefore, a reasonable containment cas-
ing thickness is expected. 
The fan blade is rotating at a high speed. Some pos-
sibilities such as fatigue fracture, bird ingestion or oth-
er foreign object damage, may lead to the blade release 
in rare events [1-2]. The damage of different engine 
components during the fan blade out event includes 
uncontainment of the failure debris and structure fail-
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ure due to the larger unbalance load, which are classi-
fied under two categories called primary and secondary 
damage [3-4]. The containment of the failure is a com-
plex process which involves high energy and high 
speed interactions of numerous engine components [5]. 
A reliable containment casing must address all of these 
problems. According to Federal Aviation Regulations, 
an engine is required to demonstrate the containment 
capability to contain the rotor blade at full operating 
speed in certification test. Such test is costly and 
time-consuming. Thereby, at the preliminary design 
stage of the engine, the particular test is needed. Veri-
fication of the casing containment capability is imple-
mented by studying different design concepts of casing 
ballistic penetration resistance [6-7]. 
The penetration resistance is demonstrated by the 
ballistic impact tests using an air gun shooting at dif-
ferent scale casing, ranging from flat panel to full-scale 
subcomponents. The shooting velocity of air gun is 
from 50 m/s to 500 m/s, defined as moderate velocity. 
Upon moderate velocity impact, the primarily failure of 
target is plastic deformation [8], similar to the real blade 
out tests [9-10]. The limitation of this approach is that Open access under CC BY-NC-ND license.
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impact tests cannot simulate the dynamics of a released 
rotating blade, including interactions with adjacent 
blades, but can give valuable information about casing 
design [11], such as potential failure modes, deflection, 
critical impact velocity, etc. 
Some studies on titanium alloy TC4 ballistic impact 
test are reported in the open literature. However, only 
few of them pays close attention to casing containment, 
most are armor piercing [12-14] with a higher impact 
velocity and using thicker targets, and the failure mode 
is greatly different from that of casing containment. 
Gogolowski and Morgan [15] conducted cylindrical 
projectile ballistic titanium plate tests. The results show 
that different fineness ratio projectiles have different 
critical velocities, and the higher the fineness ratio, the 
lower the critical velocity. In the range of critical pro-
jectile velocities, the failure modes of titanium plates 
are similar to plugging (shear failure). Upon cylindrical 
projectile impact, Gogolowski and Cunningham [16] 
also found that near the projectile critical velocity, 
thick titanium plates fail by plugging, thin titanium 
plates by petaling, while the thickness between thick and 
thin titanium plates by a mixed plug/petal mode. It is 
recognized that near the critical velocity, failure modes 
of target are primarily determined by the geometry of 
projectile and material characteristics of target. 
In this work, the impact mechanism and failure 
modes of titanium alloy TC4 are discussed by using 
ballistic impact tests on flat casing and subscale casing. 
Cuboids projectiles of two sizes are employed. An air 
gun is used to conduct ballistic tests, and projectiles 
initial velocity, transient deformation and strain re-
sponse of targets are recorded. The test results are tak-
en to evaluate the ballistic limit equation which is a 
ballistic damage analysis tool developed by Navel Air 
Warfare Center Weapons Division [17]. 
2. Tests Set-up 
2.1. Testing specimens 
In this test, target configurations are flat and sub-
scale casings, thickness varying from 1.5 mm to 2.5 
mm. The material of targets is titanium alloy TC4. 
Subscale casings are represented by curved casing with 
internal diameter of 900 mm and degree of curvature of 
4° as shown in Fig. 1. Casings are fixed via the holes. 
The flat casing of test specimen is clamped on two 
sides; while the subscale casing is fixed with three 
sides to simulate the actual condition. The transverse of 
the subscale casing is clamped by using two curved 
boundary fixtures which have the same curvature radi-
us. To simulate different released blade impacts on 
casing, two size cuboids of titanium alloy TA11 projec-
tiles are employed; projectile dimensions are shown in 
Fig. 2. Material properties of the TC4 and the TA11 are 
listed in Table 1. 
The test plan consists of 12 tests, divided into two 
series of tests: flat casing tests (FC tests) and subscale  
 
Fig. 1  Geometry of target specimens. 
 
Fig. 2  Dimension of projectile specimens. 
Table 1  Material property parameters of TC4 and TA11 
Material Density  / (kggm3) 
Elastic modulus 
E/GPa 
Yield stress 
s/MPa 
Poisson 
ratio  
TC4 4 440 109 919 0.34 
TA11 4 370 124 985 0.30 
 
casing tests (SC tests). In each test series, 6 tests are 
conducted, considering the influence of impact angles, 
projectile mass, target thickness, etc. on the titanium 
alloy TC4 ballistic penetration resistance. 
2.2. Launch and measurement  
The air gun that has 60 mm caliber can launch 
maximum mass 250 g, with the main launch velocity 
ranging from 50 m/s to 200 m/s, as shown in Fig. 3. 
The projectile seals in a sabot with foam before putting 
into the target chamber. The sabot holds the projectile 
and is pushed by compressed air; the air pressure is 
estimated in advance by an empirical formula. When 
they arrive at the gun muzzle, the sabot is stopped by 
sabot catcher and the inertia force pushes the projectile 
forward. The sabot is machined in hollow, thin wall 
geometry with a concave base from aluminum bar. 
Several apparatus and equipment are utilized to rec-
ord the ballistic impact experimental data, using veloc-
ity measuring device, dynamic strain measurement 
system and high speed cameras. 
The velocity measuring device is installed between 
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the gun muzzle and the target. With the time interval of  
 
Fig. 3  Single-stage air gun. 
the projectile through the two fixed distance gratings of 
the device, the initial velocity of the projectile is de-
termined. 
Upon the projectile impact, the target response takes 
place at the level of s unit so that a rate of 20106 
sample/s is used. The test precision of dynamic strain 
measurement system can be up to  level, and it can 
provide strain data and show the peak time. 
The high speed camera, with 5 000 frame/s, is used 
to predict the projectile trajectory, estimate initial im- 
pact orientation and residual velocity, and measure 
target specimen impact response during the test. It is 
triggered synchronously with the velocity measuring 
device. 
3. Results and Analysis 
3.1. Test results 
The details of ballistic impact tests in which the two 
size projectiles are launched against the flat casings 
and subscale casings are indicated in Table 2. The 
thickness of the targets is set as 1.5 mm in FC5 and 
SC5 tests, 2.5 mm in FC6 and SC6 tests, and 2 mm in 
the other tests. Small projectiles are used in FC4 and 
SC4 tests, with the large type of projectiles in others 
tests. The obliquity is defined as the angle between the 
launch direction and the normal direction of the target 
surface. In the test, the frame of reference 0° is consid-
ered as along the gun muzzle which is illustrated in  
Fig. 4. Let us define OXT as the target surface normal 
direction, and  the oblique angle. In the FC3 and SC3 
tests, the oblique angle is set to be 15°. 
In the two test series, there are three penetrations 
(FC2, FC3 and SC5), where projectiles pass almost 
entirely through them, and then bounce backward with 
the target elastic restoring force. In four tests (FC1, 
FC5, SC1 and SC3), target specimens are completely 
perforated. In the test FC5 and SC3 of the target perfo-
ration, the projectile pierces and lodges in the target, 
then passes through it after violent vibration. In other 
tests, projectiles rebound. 
Penetration is defined as the entrance of a projectile 
into target without completing its passage through the 
target [18]. In this case, the projectile velocity reaches 
critical velocity. In practical test, this involves the pro-
jectile either embedding or piercing the target but with 
low residual turnover velocity. Perforation means that 
the projectile completely pierces the target specimen. 
Rebounding means the projectile is falling in gun side 
on impact with the target elastic restoring force. 
During the test, the residual velocities of several 
tests are difficult to estimate. One reason is that mod-
eration of velocity impact always causes the titanium 
alloy fire and the glaring flame leads to overexposure, 
especially when the initial velocity is more than 100 
m/s. What is more, although filming frequency is set as 
5 000 frame/s, the pictures of test still have some trail-
ing smear. In addition, once the impact velocity closes 
to the critical velocity, the projectile may be tumbling 
after contact with the target. Such issues decrease the 
ability of discriminating the location of the projectile.
Table 2  Results of flat casing and subscale casing tests 
Test Thick-ness/mm 
Projec-
tile type 
Oblique 
angle/(°) 
Projectile orientation/(°) Initial velocity / 
(mΦs1) 
Residual 
velocity/ 
( mΦs1) 
Result Principal failure mode Roll Pitch Yaw 
FC1 2 Large 0 25 2 3 145.36  Perforation Plugging (shear)
FC2 2 Large 0 15 5 6 76.13 0 Penetration Petaling (shear)
FC3 2 Large 15 10 0 2 74.76 0 Penetration Petaling (shear)
FC4 2 Small 0 27 3 15 75.73  Rebound Crater (shear) 
FC5 1.5 Large 0 0 0 10 
61.52 0 Perforation Petaling (shear)
FC6 2.5 Large 0 3 2 1 74.15 7.96 Rebound Crater 
SC1 2 Large 0 0 0 12 126.48  Perforation Plugging (shear)
SC2 2 Large 0 2 2 3 65.14  Rebound Crater (shear) 
SC3 2 Large 15 20 2 3 75.80 0 Perforation Petaling (shear)
SC4 2 Small 0 10 5 3 63.73  Rebound Crater (shear) 
SC5 1.5 Large 0 0 0 15 69.38 0 Penetration Petaling (shear)
SC6 2.5 Large 0 10 0 0 70.07 17.12 Rebound Crater 
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Fig. 4  Oblique angle. 
In actual engine fan blade out events, the impact of  
the containment casing is surprisingly repeatable which 
is triggered randomly [19], but it is not possible to con-
trol the orientation of the blade. Yet the orientation data 
has an essential effect on studying the target specimen 
penetration resistance in ballistic impact test. For illus-
trating the projectile motion trajectory, a local moving 
coordinate system is defined, as shown in Fig. 5. The 
moving coordinate system is fixed in the projectile, 
rotating and translating with it. The initial orientation 
of the projectile X axis refers to the air gun axis, Y axis 
points to the right along the thickness direction, and Z 
axis determined by X and Y axes forms an orthogonal 
right-handed rule. The motion of the projectile is often 
described by rotation about these three axes. The rota-
tions about X, Y and Z axes are called roll, pitch and 
yaw respectively. Roll, pitch and yaw are also known 
as Tait-Bryan angles, which are specific Euler     
angles [20]. 
 
Fig. 5  Local moving coordinate system. 
A single camera is used in the tests. The camera is 
positioned normally above the target specimens. Con-
sidering spatial motion trajectory of the projectile, a 
single camera view data can only provide some refer-
ence. Ascertaining orientation needs to combine frac-
ture appearance analysis of target specimens. 
3.2. Test analysis 
The ballistic impact is a highly nonlinear transient 
process with large deformation of the target. The simi-
lar impact response is shown in the flat and subscale 
casing tests. Taking the FC5 and SC5 tests as examples, 
Fig. 6 illustrates two kinds of target perforation process 
by the projectiles. A 1.5 mm thick flat panel is perfo-
rated by a projectile with an initial velocity of 61.52 
m/s, which is well above the ballistic limit. A subscale 
case is implemented on SC5 test, with 1.5 mm thick, 
penetrated by a projectile with an initial velocity of 
69.38 m/s, exactly the ballistic limit. From the series of 
pictures, some immediate conclusions can be drawn. At 
the contact moment, stress wave penetrates the target 
instantly and damages the impact area. Then the stress 
wave front propagates to the boundaries, superimposed 
with the reflection wave, and the target global vibration 
increases drastically. The vibration energy finally dis-
sipates the target internal energy and causes plastic 
deformation. So the damage of the target consists of 
two parts, the global dishing and the localized ductile 
tearing. By all appearance, the target penetration re-
sistance is determined by global dishing and the local-
ized ductile tearing. Compared with the flat casing, the 
subscale casing has a higher stiffness. 
Figure 7 shows global target plastic deflection of the 
free boundaries in the FC1 and SC1 tests. After the 
tests, the impact location of the target specimens has 
distinct deflection. Owing to the residual stress, the 
deflection even extends to the clamping boundary. The 
maximum global dishing is given in Table 3, from 
which the violent impact process can be seen. 
It is obvious that the target global plastic deflection 
is extremely dependent on impact angle, mass and ve-
locity of the projectile, and the stiffness of the target. 
With impact angle and projectile mass increasing, the 
global plastic deflection increases. Compared with the 
normal impact, increasing impact angle of the projec-
tile dissipates more energy by deformation of the target. 
The effect of projectile residual velocity is very com-
plicated. At the critical impact velocity, the target has 
sufficient time to vibrate with the projectile; massive 
impact energy may be absorbed in this process, and 
maximum global plastic deflection will appear. With 
the higher velocity impact, a large load is applied to 
target rapidly, which will also cause much higher glob-
al plastic deflection. It is apparent that the high stiff-
ness of the target leads to a high deformation re-
sistance. 
Figure 8 shows the fracture appearance of the 
flatcasing and subscale casing specimens. In the test, 
the impact has some angles, and thus the contact be-
tween the projectile and the target are either tip or edge. 
When the rupture occurs, the initial impact damage is 
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seemingly along one of the longer edge of the projec-
tile, after piercing, and the crack often extends along 
the short edge. The damage in the localized area of the    
 
Fig. 6  Impact response of the target. 
 
Fig. 7  Global target plastic deflection of free boundaries in 
FC1 and SC1 tests. 
Table 3  The maximum global dishing of two test series 
Test FC1 FC2 FC3 FC4 FC5 FC6
Deflection/mm 3.58 1.36 2.99 2.24 1.03 2.08
Test SC1 SC2 SC3 SC4 SC5 SC6
Deflection/mm 2.5 3.8 3.3 2.4 2.8 0.4 
 
flat casing and subscale casing shows similarity. 
Several possible types of localized ductile tearing 
failure modes unfold in two series of tests. If the pro-
jectile perforates or penetrates, the principal failure 
mode of the target can be described as plugging and 
petaling. While the projectile rebounds, in most cases, 
the failure seems to be plastic bulging deformation and 
this mode belongs to crater (tear). It depends on many 
factors to judge principle of failure mode, for example 
the initial velocity, impact orientation and geometry of 
the projectile, and the thickness and material properties 
of the target. 
Based on moderate velocity and relative normal 
struck angle, the damage mode inclines to plugging 
(shear). With the minimal angle impacting, a sharp- 
edged fragment can create an intense shear stress on a 
region of the target, which leads to the petaling (shear) 
failure mode. In the tests, most fractures show the 
combination between plugging and petaling. 
The strain data is very sensitive to the strain rate of 
the target material. Considering the projectile origina-
tion estimation, impact location effect and dynamic 
strain measuring error, only the extreme value strain 
and corresponding time are meaningful. However, this 
can supplement explanation of the impact process, as 
well as the localized region deflection versus the time. 
Taking the FC5 test as an example, the strain gage 
positions are shown in Fig. 9. The time history of strain 
response of target Positions 1-3 is indicated in Fig. 10. 
In very short time when the projectile contacts the tar-
get, the strain reaches the maximum value. Then the 
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strain varies in periodic oscillation and decays with 
damping. Due to the effect of the complex stress wave 
propagation velocity and strain gage position, the peak 
time of localized strain has some difference.
 
Fig. 8  Fracture appearance of flat casing and subscale casing front surface. 
 
Fig. 9  Strain gage paste position of FC5 test. 
 
Fig. 10  Time history of strain response of FC5 test. 
4. Verification Ballistic Limit Equation 
The ballistic limit equation, also known as V50 equa-
tion, is an empirical equation used to estimate ballistic 
impacts on aircraft structure and skins from engine 
debris for the first time. V50 is defined as that there is a 
50 possibility of penetration. The equation is based 
on numerous tests, considering the debris mass, geom-
etry, impact orientation and other influencing factors. 
In this paper, the V50 equation is taken to analyze the 
critical velocity of the two series of tests. 
The target absorbs energy as follows [21]: 
 
2
D
50 2
2
cos
LG t
V
m 	

  (1) 
where L denotes the presented area perimeter, t the 
target thickness, GD the dynamic shear constant,  the 
obliquity, m the mass of the projectile 
Table 4 lists the critical velocity of two test series, 
the shear constant GD being 853 MPa. The presented 
area perimeter which is mainly influenced by the pro-
jectile orientation is obtained via analysis of projection 
perimeter, which is the projection of the normal projec- 
Table 4  Critical velocity of two series of tests 
Test Thickness/ mm 
Projectile 
mass/kg 
Presented area  
perimeter/cm 
Obliquity an-
gle(°) 
Initial veloci-
ty/(mgs1) 
Critical velocity 
V50/( mgs1)
Test results Results of prediction
FC1 2 0.105 10.450 0 145.36 82.47 Perforation Yes 
FC2 2 0.105 11.840 0 76.13 87.97 Penetration Yes 
FC3 2 0.105 9.869 15 74.76 80.11 Penetration Yes 
FC4 2 0.073 7.853 0 75.73 87.18 Rebound Yes 
FC5 1.5 0.105 12.660 0 61.52 68.55 Perforation No 
FC6 2.5 0.105 10.010 0 74.15 100.83 Rebound Yes 
SC1 2 0.105 13.340 0 126.48 94.15 Perforation Yes 
SC2 2 0.105 10.430 0 65.14 82.39 Rebound Yes 
SC3 2 0.105 10.440 15 75.80 82.43 Perforation No 
SC4 2 0.073   9.793 0 0 63.73 95.74 Rebound Yes 
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SC5 1.5 0.105 14.340 0 69.38 73.67 Penetration Yes 
SC6 2.5 0.105   9.241 0 0 70.07 96.87 Rebound Yes 
tile’s area on the target. The curvature of the subscale 
casing is quite small compared with the projectile, so 
the simplified flat casing projected area is substituted 
for the subscale casing projected area.  
Figure 11 shows the comparison between the predi-
cated critical velocity V50 and initial velocity of the two 
test series. Most of the predicted critical velocity re-
sults are in a agreement with the test results. It should 
be emphasized that the V50 of the FC2, FC3 and SC5 
tests is higher than the corresponding initial velocity, 
while such phenomenon conforms to what the critical 
velocity is defined in Section 3.1. However, the critical 
velocities of the FC5 and SC3 tests are apparently 
overestimated, which is because the predicted critical 
velocity V50 from Eq. (1) has 50% probability of pene-
tration and the global dishing and the friction between 
the interaction of the projectile and the target has not 
been taken into account in this equation. But the resid-
ual velocity of them is close to 0 m/s. From the above 
discussions, it is indicated that the V50 estimated by  
Eq. (1) is slightly higher than the critical velocity in 
ballistic impact tests. 
 
Fig. 11  Comparion of initial velocity and critical velocity 
V50 of two series of tests. 
5. Conclusions 
Based on two series test, the ballistic impact mecha-
nism and failure modes of titanium alloy TC4 have 
been investigated and the ballistic limit equation is 
verified by test results. Within the limited tests, the 
conclusions can be drawn as follows: 
1) On the impact, the main damage of flat and 
subscale casings are similar. Both involve global dish-
ing and localized ductile tearing, which are mainly 
determined by the penetration resistance of the target. 
2) The failure of global dishing is caused by the 
plastic wave. If the projectile perforates or penetrates, 
the localized failure mode of targets combines plug-
ging (shear) and petaling (shear), while, the main fail-
ure of the targets when the projectiles rebound is crater. 
3) The verification result shows that the estimated 
velocity by V50 equation is slightly higher than the crit-
ical velocity in ballistic impact tests, while this equa-
tion can provide an effective way to predict the critical 
velocity. The deficiency of this empirical equation lies 
in occasions where the target global dishing and the 
friction between the interaction of the projectile and 
the target are not considered. 
This paper has not given the ballistic resistance of 
each test, because different tests have different impact 
conditions. However, the validation of numerical anal-
ysis technology based on the test data can make up for 
the deficiency of the test method. The numerical work 
will be presented in future. 
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